A B S T R A C T Collagen synthesis was measured in liver slices obtained from mice with hepatosplenic schistosomiasis. Enlarged fibrotic livers from these mice contained 20 times more collagen than normal. This model of hepatic fibrosis results from an inflammatory granulomatous host response to Schistosoma mansoni ova in portal tracts, rather than from direct liver cell injury as with carbon tetrachloride-induced liver fibrosis. Collagen synthesis, as measured by the formation of labeled protein-bound hydroxyproline, occurred in granulomas isolated from fibrotic livers. Labeled collagen that cochromatographed with type I collagen was extracted with neutral salt solution from liver slices incubated with labeled proline. The free proline pool of the liver was doubled in infected mice; coordinately, liver slices from these animals showed maximal collagen production when the concentration of free proline in the medium was raised to 0.4 mM, the same level measured in the fibrotic livers. Under such conditions, collagen synthesis was at a rate equivalent to the formation of 5.4 nmol of protein-bound hydroxyproline per g liver in 6 h.
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In comparative incubations in medium containing 0.2 mM proline, fibrotic liver slices produced 16-fold more collagen than normal slices. The proline analogue, L-azetidine 2-carboxylic acid, effectively inhibited synthesis of labeled collagen by fibrotic liver slices. These studies show the synthesis of collagen in a reproducible animal model of the most prevalent form of human liver fibrosis. Definitition of the controlling factors in this system is of interest for the general problem of fibrosis produced by immunological responses.
INTRODUCTION
Hepatic fibrosis is marked by excessive deposition of newly synthesized liver collagen. Permanent distortion of architecture by fibrous tissue may dictate irreversibility in chronic liver diseases of diverse etiologies (1) . Liver collagen deposition has been studied in detail in only one animal model system; the hepatic fibrosis produced in rats after chronic administration of carbon tetrachloride (2) . In that model, as well as in human liver diseases, the metabolic events that stimulate liver collagen synthesis are unknown. In livers of humans with alcoholic cirrhosis and rats with CCl4-induced liver fibrosis, the pool of free proline, a major amino acid of collagen, was increased (2, 3) . In the rat model system, the free proline pool ofthe liver was correlated with the rate of collagen synthesis measured in liver slices (2) , and collagen synthesis was inhibited by administration of a proline analogue, L-azetidine 2-carboxylic acid (4) .
Hepatosplenic schistosomiasis, which afflicts more than 150 million persons infected with Schistosoma mansoni or Schistosoma japonicum, is the most prevalent form of hepatic fibrosis worldwide (5) . Periportal fibrosis is the major disturbance during most of the course of this disease. Mice infected with S. mansoni cercariae provide an experimental model of liver collagen deposition whose course resembles that of the human disease (6, 7) . In contrast to CCl4-induced liver fibrosis in rats, the (11) produced with a multiple-chamber reservoir as described by Piez and Morris (12) . For the first 2 h of this process, 2.7-ml fractions were collected at 3-min intervals and counted at 18% efficiency in 10 ml of Aquasol. Elution positions of hydroxyproline and proline were verified with standard labeled amino acids. Radiochemical purity of hydroxyproline produced by liver slices and eluted by this method was confirmed by thin-layer chromatography, as described by Shen and Strecker (13) . Net collagen production by liver slices was expressed as nondialyzable labeled hydroxyproline, disintegrations per minute per gram liver, formed in 6 h of incubation.
Isolation ofgranulomas. Granulomas were prepared from 2.0-g pooled liver slices by briefhomogenization using a loosefitting Dounce hand-held homogenizer (Kontes Co., Vineland, N. J.), in Hepes-buffered EBSS. Nearly all hepatocytes were disrupted and granulomas appeared morphologically normal ( Fig. 1 ). Granulomas were sedimented and washed twice in EBSS. Granulomas isolated from 200 mg of intact liver slices were incubated in the manner described above. After reaction was stopped by addition ofethanol, granulomas and medium were homogenized with a Teflon homogenizer and centrifuged at 27,000 g for 30 min at 4°C. Supernates were evaporated to dryness, redissolved in water, and the specific activity of free proline was determined by the method of Rojkind and Gonzalez (14) . Precipitates were dialyzed against water, hydrolyzed, and labeled protein-bound hydroxyproline and proline were determined as described. The specific activity of proline was used to calculate collagen production as nanomoles of hydroxyproline formed during the incubation, and to calculate nanomoles of proline incorporated into total protein. These values were not corrected for the possible loss of tritium during proline hydroxylation.
Duplicate portions of isolated granulomas were hydrolyzed rather than incubated. Humin was removed from hydrolyzates as described by Prockop and Udenfriend (15) , and total hydroxyproline was determined by the method of Rojkind and GonzAlez (14) . Other duplicate portions of granulomas were digested in 3% KOH for schistosome egg counts as described by Cheever (16) . Intact liver slices were also incubated, hydrolyzed, and digested under the same conditions.
Chromatography oflabeled collagen. Extractable labeled collagen for chromatography was produced by incubation of liver slices with L-[P4C]proline, 20 ,uCi/200 mg liver, in 5 ml Hepes-buffered EBSS in the presence of 1.0 mM &3 aminopropionitrile, an inhibitor of collagen cross-linking. After a 4-h incubation, 3 g of liver slices with 75 ml medium was homogenized in a Teflon homogenizer and the suspension was stirred overnight at 40C. After centrifugation at 27,000g for 30 min at 40C, the supernate was mixed with 10 mg rat skin collagen in 15 ml 0.05 M Tris buffer, pH 7.4, containing 0.45 M NaCl. The concentration of NaCl was adjusted to 3.42 M, and the mixture was centrifuged at 27,000 g for 30 min at 4°C. The resulting precipitate was denatured at 60°C for 15 min in 15 ml of 0.04 M sodium acetate buffer, pH 4.8, containing 1.0 M urea. After centrifugation of the denatured material at 1,000g for 5 min at 250C, the supernate was dialyzed against the same buffer, applied to a carboxymethylcellulose column (0.9 x 10 cm), and eluted with the same buffer as described by Miller (17) , with an added linear gradient of NaCl, 0-0.12 M. Absorption of the eluate was monitored at 230 nm, 3.5-ml fractions were collected, and 0.5-ml aliquots of the fractions were counted at 82% efficiency in 10 ml Aquasol. Peak fractions were combined and dialyzed against distilled water; the solutions were then concentrated by evaporation, and hydrolyzed in 6 N HC1. Labeled proline and hydroxyproline were determined chromatographically.
Comparative incubations of fibrotic and normal liver. The free proline pool was measured in the livers of five infected and five control mice. Animals were fed ad lib. and killed at 10 a.m. A 500-mg (wet wt) portion of liver was homogenized in 5 ml cold 50% ethanol in a Teflon homogenizer. The supernate, obtained after centrifugation of the homogenate at 27,000g for 30 min at 40C, was extracted with 2 vol of chloroform, and evaporated to dryness. The residue was dissolved in 2.0 ml water, pH was adjusted to 6, and proline was determined colorimetrically as described above (14) .
The precipitates obtained by centrifugation of liver homogenates were resuspended and dialyzed against water. The dialyzed material was homogenized once more to a fine suspension, and duplicate aliquots were then taken for determination of protein nitrogen by a Kjeldahl method (18) and for colorimetric determination of hydroxyproline after acid hydrolysis as described above.
Liver slices from infected and normal mice were incubated in duplicate for each animal, at 0.2 mM free proline in the medium. Synthesis of collagen and incorporation of proline into total protein were measured as described earlier.
Variation of concentration of proline and of a proline analogue. Liver slices were incubated in 0.05-0.80 mM concentrations of free proline. Specific activity was maintained at a constant level by parallel increases in [3H]proline.
Specific activity of proline fin each incubation at 6 h was measured as described. A zero-time specific activity measurement was made in duplicate at 0.15 mM proline concentration. In another experiment, liver slices were incubated in the presence of the proline analogue, L-azetidine 2-carboxylic acid, at 1.0, 10, and 100 mM concentrations.
RESULTS
Production of nondialyzable labeled proline and hydroxyproline by fibrotic liver slices is shown in Fig.  2 . There was a progressive rise in proline incorporated Table I . The isolation procedure gave 85% recovery of schistosome eggs and 100% recovery of collagen in the intact liver slices used as starting material. On incubation, granulomas isolated in this manner produced 55% of the amount of collagen produced by the intact liver slices from which they were separated. Isolated granulomas incorporated 43% as much proline into total protein compared with the liver slices.
After incubation of liver slices with [14C]proline and 1.0 mM f&amino-propionitrile, 19% of the total labeled hydroxyproline produced was extracted by stirring overnight in EBSS. Of this neutral-salt extractable labeled hydroxyproline, 30% coprecipitated with rat skin collagen and was chromatographed on carboxymethylcellulose (Fig. 3) . The peak fractions of radioactivity that were eluted are shown in Table II , as well as the ratios of labeled hydroxyproline to proline in these fractions. The approximate 2:1 ratio of radioactivity that cochromatographed with rat skin al and a2 chains is consistent with the composition of type I rat skin collagen (9) . The hydroxyproline: proline ratios of these peak fractions indicate normal hydroxylation of proline residues. Additional hydroxyproline radioactivity, designated peak fraction D in Table II , failed to chromatograph with type I rat skin collagen, and was eluted from the column with 0.05 N NaOH.
Free proline pools, shown in Table III , were increased twofold in fibrotic livers from infected mice as compared with normal mouse livers. Significance shown), was hydrolyzed (see Table II ).
Liver Collagen Synthesis in Murine Schistosomiasis Fig. 4 . Net synthesis of collagen by liver slices increased progressively at higher concentrations of free proline in the medium until a maximum of 5.4 nmol hydroxyproline/g liver in 6 h was attained between 0.3 and 0.4 mM free proline. A similar effect was observed for proline incorporated into total liver protein, with the same saturating maximum proline concentration (data not shown). Comparison of initial and final specific activities of proline in the medium showed a 16% decrease of radioactivity by 6 h at the 0. 15-mM proline concentration, with no change in the concentration of total proline measured in the medium.
The effect of L-azetidine 2-carboxylic acid on labeled collagen production is shown in Fig. 5 may be affected by this analogue (20) , thus decreasing specific activity of proline available for protein synthesis, the data in Fig. 5 are reported in terms of radioactivity rather than protein synthesized.
DISCUSSION
Hepatic fibrosis in mice infected with Schistosoma mansoni results from a host response to soluble antigens secreted by living parasite eggs in portal venules (21) ;-The early events of this reaction reflect a cellmediated immune response with production of lymphokines and formation of granulomas (8, 22) . As in human schistosomiasis, primary liver cell injury is not an initiating event of this host reaction. This animal model permits study of collagen synthesis resulting from an initial immunologic stimulus, in contrast to the hepatic fibrosis produced in rats by chronic administration of carbon tetrachloride. In fibrotic liver slices from mice infected with S. mansoni, collagen production was nearly linear over the 6-h incubation time studied. The granuloma isolation procedure gave a nearly quantitative recovery of the collagen and schistosome eggs present in intact liver slices, while maintaining over half the labeled collagen production of these slices. The that newly differentiated fibroblasts or littoral perisinusoidal cells synthesize collagen in response to liver injury (1, 23) . In addition, a cell line derived from liver parenchymal cells has been shown to synthesize collagen (24) . Our granuloma preparations did contain small numbers of adherent parenchymal cells so that the cell types that may produce collagen in murine schistosomiasis are not identified.
On incubation of fibrotic liver slices with the crosslinking inhibitor, f3aminopropionitrile, neutral-salt extractable collagen was produced that exhibited chromatographic properties consistent with type I collagen. The ratios of labeled hydroxyproline to proline in the peak fractions cochromatographing with rat skin al and CY2 chains show that this collagen was normally hydroxylated. This finding is in agreement with the failure of added ferrous ion and ascorbate to produce higher yields of hydroxyproline. The bulk of labeled protein-bound hydroxyproline produced by liver slices was insoluble at physiologic pH and ionic strength. The 20% oftotal nondialyzable labeled hydroxyproline that was neutral-salt extractable but did not coprecipitate with carrier type I collagen might represent contributions of soluble collagen of other types, degraded small collagen peptides, the first component of complement (25) , or possibly other hydroxyprolinecontaining peptides. Types I and III collagen are deposited in the livers of patients with alcoholic cirrhosis (26, 27) . Perhaps more than one type of collagen is produced in schistosomiasis as well, and type I collagen may not be predominant. The complete characterization and quantitative proportions of collagen types produced must await extraction and analysis of all the hydroxyproline-containing protein.
Demonstration of an increased pool of free proline in the fibrotic livers of infected mice is similar to previous reports in studies of alcoholic cirrhosis in man and CCl4-induced liver fibrosis in rats (2, 3) . Thus, the possibility that an elevated level of this key collagen constituent may be a constant abnormality in all cases of liver fibrosis is strengthened.
The source and intracellular location ofthe increased free proline pool is unknown. Increased hepatic sequestration of exogenous proline, increased synthesis of proline from the physiological precursors, arginine and glutamic acid (13) , and decreased proline oxidation are potentially important mechanisms. In rats with carbon tetrachloride-induced liver fibrosis (2) , and recently in rats with liver fibrosis after chronic ethanol administration (28) , there was enhanced conversion of glutamic acid to proline. In shistosomiasis, parasite eggs may possibly synthesize proline, since adult worms may do so (29) .
When the concentration of free proline in fibrotic liver slice incubations was increased, an increase in synthesis of collagen and of incorporation of proline into protein was noted, up to a saturating concentration of 0.4 mM proline with respect to the medium. This saturating concentration in liver slice incubation mixtures is comparable with the free proline pool actually measured in the fibrotic livers. The data are consistent with the model proposed by Phang et al. (30) for saturable transport of proline into a collagensynthesizing compartment in fetal rat calvaria. The decreased proline specific activity noted in the medium after 6 h is consistent with equilibration of proline in the medium and in liver slices, and with possible synthesis of new unlabeled proline by the slices. The comparative incubations of fibrotic and normal liver slices were performed at a concentration of 0.2 mM free proline in the medium, equivalent to the free proline pool measured in normal liver. Thus, a marked increase in collagen synthesis by fibrotic liver was demonstrable at less than the apparent saturating maximum concentration of proline for fibrotic liver slices.
L-Azetidine 2-carboxylic acid exerts its major effect on the synthesis of proline-containing protein in cellfree systems by competitive inhibition of the acylation of tRNA with proline (31) . As mentioned earlier, proline transport into cells may be blocked (20) . In the case of collagen, an addtional effect has been suggested by evidence that procollagen chains containing residues of azetidine in place of proline are not well hydroxylated and thus susceptible to early degradation (32 
